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Introduction
The shape memory property of polymers has drawn a substantial amount of interest among the mechanical modeling community during the past decade. Two approaches are commonly described in the literature for the modeling of the thermomechanical behavior of shape memory polymers (SMPs). The first type is purely elastic and describes an amorphous crosslinked shape memory polymer as a two-phase material composed of a glassy phase and a rubbery phase. Hence, a model
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2 is required that combines the stiffness of each phase to predict that of the two-phase composite material. This can be done in various ways. Such an approach has been proposed by Liu et al. (2006) , Chen and Lagoudas (2008a) , and Wang et al. (2009) . Chen and Lagoudas (2008b) included an extension to finite strain, while Reese et al. (2010) implemented a variant of the model using finite element analysis to simulate the deformation of a stent. Recently, Gilormini and Diani (2012) underlined that such purely elastic theories also provide the thermal expansion of the two-phase material, and a comparison with experimental results invalidates the uniform stress assumption that is used in most papers cited above. Moreover, the volume fraction of each phase in such models must be given as a function of temperature and is obtained from fitting the experimental shape memory data. As a result, such models can eventually simulate but cannot predict the shapememory response of a material under varying heating rates or heating profiles such as for instance, heating and maintaining the material to intermediate temperatures between the low (i.e., fixing temperature) and the high (deformation) temperatures used for shape memory programming. The other approach that can be used to describe the thermomechanical behavior of SMPs uses the viscoelastic properties of polymers. Under more or less complex forms for various types of shapememory polymers (not only amorphous thermosets), this approach has been adopted by Tobushi et al. (1997) , Lin and Chen (1999) , Morshedian et al. (2005) , , Hong et al. (2007) , , Srivastava et al. (2010) , Heuchel et al. (2010) , amongst others. Note that intermediate models to the two approaches above were described by Qi et al. (2008) and by Xu and Li (2010) who defined a two-phase viscoelastic mixture.
The set of viscoelastic models chosen above illustrates the large variety of approaches employed in the literature to simulate and predict the shape memory behavior of materials. Some require the fitting of parameters on experimental shape-memory data to determine either the mechanical behavior (Tobushi et al. 1997 , Morshedian et al 2005 , the 3D variant of Heuchel et al., 2010) or volume fraction (Qi et al. 2008, Xu and Li 2010) , whereas others rely on series of standard tension or compression tests at constant stress (Lin and Chen 1999, Hong et al. 2007) or constant strain rate (Srivastava et al. 2010) . Finally, most models are unidimensional and compared with uniaxial shape-memory experiments only (Tobushi et al. 1997 , Lin and Chen 1999 , Morshedian et al. 2005 , Hong et al. 2007 ) and few are general complex 3D models ) with capabilities far beyond the shape memory effect (Srivastava et al. 2010) . Despite these differences, all models, except for the one by Hong et al. 2007 , who uses 8, include a small number (one or two)
of Maxwell branches which may be a reason for some of the discrepancy between the measured and predicted shape memory behavior. This point is revisited in the present paper. Note that the most elaborate model, such as that introduced by Srivastava et al. (2010) , gives the best, although Srivastava et al. (2010) for instance, they are obtained either from standard curve fitting procedures (Hong et al., 2007) or through a specific complex calibration process (Srivastava et al., 2010 ).
The original approach described herein is based solely on viscoelasticity. The influence of thermal conditioning as described above during shape recovery is intrinsically included. There is no need for shape memory cycling experiments to fit any of the model parameters. The time-temperature dependence of the viscoelastic properties of the polymers is determined using a well known dynamic mechanical analysis procedure which becomes the sole requirement for the model proposed herein to accurately predict the shape memory behavior of the material and, more interestingly, its shape recovery and recovery time-temperature dependence.
Here, a standard finite element code was used to simulate a series of shape memory torsion ChemTrend). The curing reaction was initiated after the mold was sealed and placed in a conventional oven. The following curing thermal program was followed: (i) heating to 100°C, (ii)
holding isothermally at 100 o C for one hour, (iii) heating to 125°C, and (iv) holding isothermally at 125 o C for one hour. Upon completion of the thermal program the epoxy plaques were allowed to cool slowly in the oven before being removed from the glass mold. The cured epoxy plaques obtained had an average thickness of 1.6 mm.
Linear viscoelastic tests
The epoxy was tested in dynamic mechanical analysis (DMA) using rectangular samples cut from the material plates to the final dimensions 1.6 mm x 11.75 mm x 40 mm. DMA tests were run on a RDA III Rheometric Scientific® torsion rheometer.
The glass transition temperature range was first determined by testing the sample using a 2 °C/min dynamic temperature sweep at 0.2% strain and 1 Hz (Figure 1 ). At 1 Hz, the material changes from its glassy state to its rubbery state through a wide temperature range that extends approximately from 38 °C to 70 °C.
The time-temperature dependency of the viscoelastic properties of the material were determined using dynamic frequency sweeps at 0.2% strain for frequencies ranging from 0.01 to 63
Hz. The temperature was increased stepwise from 40 °C to 60 °C with 5 °C temperature increments. 
Large deformation shape recovery test
A torsion device was built to test the large deformation shape recovery of polymers (Diani et al., 2011) . The thermomechanical test consists in 5 steps: 1) A slender rectangular sample (100 mm x 10 mm x 1.6 mm, clamped over 5 mm at each end) is heated above its glass transition temperature, T g (i.e., shape memory transformation temperature), 2) The sample is submitted to a torsion of 360 degrees, 3) The torsion angle is maintained while the material is cooled below T g , 4) Stresses are released and the deformation that remains due to restrained molecular mobility below T g characterizes the shape fixity of the material, 5) The torsion angle recovery is measured while heating the sample.
The temperature was recorded on a control sample positioned next to the sample being tested.
To check for temperature homogeneity along the slender sample, the temperature was measured at 3 locations: at both extremities and at the length midpoint.
In step 3, the material was cooled at an average rate of -2 °C/min, which was not varied due to its limited effect on the shape recovery of SMPs (Castro et al., 2010) . In step 4, an elastic recovery of less than 1° was generated from releasing the external stress. This excellent shape fixity (R f >359/360 (99.7%) of the material at low temperature, below T g , is consistent with the value (99.8%) given by the estimate R f =1-G e /G g obtained readily for simple shear, when the rubbery modulus G e and glassy
Preprint submitted to International Journal of Solids and Structures 7 shear modulus G g given in Section 3 are used. To emphasize the viscoelastic nature and timetemperature dependence of the shape recovery property, various heating histories were tested in step 5. The material was heated up to a high temperature largely above the glass transition at a constant heating rate. This is the most common test encountered in the literature. The effect of heating rate on shape recovery was evaluated using three heating rates (1.1 °C/min, 3.2 °C/min and 5.6 °C/min). Or, the material was heated up to an intermediate temperature of 42 °C, within the glass transition, and maintained at this temperature while shape recovery proceeded. This test will be referred to herein below as 'ramp-stop' test. Since at 42 °C the material is merely crossing its glass transition (Figure 1 ), a slow shape recovery is expected in this case. Figure 4 shows the measured torsion angle recovery as a function of temperature under varying heating rates. The material exhibited complete shape recovery. As expected (Rousseau et al. 2010) , the shape recovery varied with heating rates so that the recovery process initiated at higher temperatures for faster heating rates. Similar results were observed by Castro et al. (2010) during uniaxial tests performed on a different shape-memory polymer. Figure 5 presents the torsion angle recovery as a function of time for the ramp-stop test when the sample was heated to 42 °C and held isothermally. One can see that the shape recovery continued when temperature was held constant at 42 °C, which highlights the relationship that exists between time, temperature and shape recovery for the amorphous polymer network, which could not be predicted from the purely elastic models reported by other studies and discussed above to describe the shape memory effect.
The following section aims at showing that this relationship can be obtained from simple DMA tests. For this purpose, the epoxy thermoelastic behavior was modeled using the time-temperature superposition principle and a generalized Maxwell model. The thermomechanical behavior was then input in the Abaqus finite element code to predict the torsion shape memory response of the material, thereby replicating the experimental shape memory tests. 
Modeling

Thermoviscoelastic behavior
The amorphous thermoset under investigation was modeled using a generalized Maxwell model to describe its viscoelastic behavior obtained by experimental DMA data and a time-temperature superposition principle (Figure 3 ). The Maxwell model parameters were determined from the storage modulus master curve, ), where is the frequency. Validation of the model was performed on the loss angle (tan δ) master curve.
First, a value of the shear modulus at high temperature ( ) (alternatively, low frequency) was selected at 1.6 MPa; a value slightly lower than the smallest value measured from the master curve.
Thereafter, a suitable series of relaxation times and relaxation moduli ( , , respectively) pairs such that remained to be defined. This is a classical problem in the rheology of amorphous polymers, and the procedure introduced by Weese (1993) was used here. It prevented the usual problems that incur from using a mere least square fit of the values for a given set of values (e.g., negative values). The ill-posedness of the problem is taken into account and treated using a Tikhonov regularization method, which in fact enforces a smooth fit of the master curve. The overall procedure provided very stable spectra when the number of regularly spaced τ i 's was varied.
The NLREG (nonlinear regularization) program used to implement the procedure was disclosed by J.
Weese and is available electronically from the World Wide Web. When applied to the ) data set measured, which extends over eight decades of logarithmic frequency scale, a series of twelve ( , ) pairs was obtained. Their values are listed in Table 1 and plotted in Figure 6 . A good fit can be observed in Figure 7a . Moreover, the same values agreed well with the predicted loss angle master curve, as shown in Figure 7b , which validated the fitting process used. It is emphasized that using a smaller number of ( , ) pairs would lead to an incomplete description of the time-temperature behavior of the material, resulting in an inaccurate prediction of the shape-memory effect. This is accepted as a feature of the material considered, which is easily handled by standard identification procedures as explained above, and which is afforded by finite element codes. In summary, the thermoviscoelastic shear response of the epoxy was modeled using a generalized Maxwell model which parameters are listed in Table 1 . The model was combined with the WLF equation (i.e., timetemperature dependence) which parameters are provided in section 2.2.
Additionally, in the pressure and temperature ranges considered here, it is reasonable to assume a purely elastic bulk modulus (i.e., no significant viscous effect). Both the small strain behavior of the material at low temperature (with = 0.38 in the glassy state, Smith et al. 1974 ) and its finite strain behavior at high temperature (with ≈ 0.5) could be covered by combining a constant bulk modulus of about 3.1 GPa with the high glassy ( = 0.79 GPa) and low rubbery ( =1.6 MPa) shear moduli. Although as shown below this simple assumption gives very accurate results, the viscous volume effects or temperature-dependent bulk modulus values, as described by Ferry (1980) for instance, could be included without difficulty if necessary. Finally, the coefficients of linear thermal expansion were measured by thermal mechanical analysis at 5.7 10 -5 °C -1 in the glassy state and to 2.44 10 -6 °C -1 in the rubbery state. code (version 6.9). The finite strain extension of the generalized Maxwell model given by Simo (1987) is also included in the code, which can use the same relaxation times and shear moduli pairs that define the master curve for small strains. This provides an immediate extension of the model to finite strain and large deformation. In addition, a reference elastic behavior is required. In order to account for large deformation, a hyperelastic neo-Hookean model has been tested, which appeared to give an excellent agreement with the uniaxial tests that were performed up to 50% extension at high temperatures above T g .
The 90 x 10 x 1.6 mm 3 deformable part (out of clamp) of the torsion specimen was meshed with 50 x 10 x 4 = 2000 8-node linear brick hybrid elements, which allowed a nearly incompressible behavior. The upper end of the mesh was fixed while the nodes of the lower end of the mesh were allowed to rotate together about the long axis of the specimen as a rigid solid; however they were not allowed to translate along this axis when the specimen was rotated by 360° at high temperature and subsequently cooled down to a low temperature. In contrast, they were allowed to both rotate and translate when the axial force on the specimen was released (Step 4) and during subsequent heating and shape recovery (Step 5, shape recovery). In step 4, this led to a contraction of the mesh along the long axis associated with the shape fixity. It may be noted that the actual temperature history recorded during the test was prescribed during the simulation of shape recovery. The complete simulation of the torsion shape-memory cycle was run in about 20 minutes on a laptop computer. Various stages of the computed mesh shape recovery are illustrated in Figure 8 . At the end of Step 2 (torsion at high temperature), except near clamps and along edges, the strain state is close to simple shear, with a max value of 5.8% (11.6% engineering strain) at the surface of the specimen. 
Results
Simulations were run under identical conditions to those of temperature and deformation used experimentally (see section 2.3). Due to the sample thin thickness and the relatively slow heating rates considered here, we did not account for thermal conduction but merely applied the temperature on each node of the mesh. The bulk modulus and the coefficient of linear thermal expansion were found to have a negligible impact on the simulation results. This was expected since the deformation conditions involved mostly shear and no specimen length constraint. In general, the material recovery is extremely sensitive to the temperature within the glass transition region. For the ramp-stop test, we measured an average temperature gradient along the sample length of 1.0°C, therefore the average temperature along the sample was used for simulation purposes. Figure 10 shows the comparison between the experimental data and the simulation results for the ramp-stop test at 42 o C. Again, the model is in excellent agreement with the experimental shape recovery data. These results prove that the shape storage/shape recovery of amorphous polymer networks results only from their linear viscoelasticity and time-temperature-dependent behavior. For this class of polymers, a two-phase elastic model that considers the co-existence of a glassy phase and a rubbery phase is irrelevant. In fact, the present results show that the viscous nature of the polymer is essential to the shape memory effect with a deformation being stored as viscous strain owing to a large increase in viscosity (or equivalently in relaxation times) when the temperature decreases, and a shape being recovered (deformation released) when the viscous strain is released owing to a decrease in viscosity when the temperature increases. Therefore, interestingly, only using easily obtainable intrinsic material properties suffices to predict the shape storage/shape recovery properties of amorphous polymer networks. Note that, in contrast to and Srivastava et al. (2010) for instance, the simulation procedures reported here used built-in features of a commercial finite element code, hence neither extensive computational skills nor additional programming were required to accurately and precisely predict the shape memory behavior.
Conclusion
During the past decade, several, more or less complex models have been proposed to simulate the thermomechanical behavior of shape memory polymers. Their performances ranged from poor to fair despite their resort to either increasing the number of model parameters or introducing adjustable (i.e., fitted on shape-memory experiments) parameters,.
Here, an amorphous polymer network was submitted to large deformation torsion tests for shape storage/shape recovery under varying thermal histories to emphasize the time and temperature dependencies of the shape recovery. The thermomechanical behavior of the material was measured by dynamic mechanical analysis and implemented in the Abaqus finite element code in order to reproduce the shape memory cycling tests. The finite element simulations showed very good agreement with the experimental data, thereby demonstrating the time and temperature dependencies of the shape recovery of amorphous polymer networks. This is rationalized as a direct and sole consequence of the SMP's intrinsic viscoelasticity and time-temperature-dependent behavior. Therefore, traditional DMA characterization in deviatoric loading conditions enabled predicting precisely the shape recovery of the amorphous polymer network as a function of time and temperature. In fact, the overall shape recovery behavior was accurately simulated and predicted.
Note that an accurate prediction of the shape recovery under loading conditions such as uniaxial tension or compression remains to be explored. Note also that the model predicts a (small) reaction torque if rotation is prevented during heating, or a force in uniaxial tests with fixed length, which still has to be compared to accurate experimental measurements. Although the proposed model was developed and validated only in the case of amorphous polymer networks, it is likely that similar models could be developed for other shape memory polymers, which are intrinsically viscoelastic materials with time-temperature-dependent properties.
